Ozone-induced lung injury is associated with increased production of reactive nitrogen intermediates and TNF-α which have been implicated in the pathogenic process. The generation of these mediators is regulated in part by transcription factors such as NF-κB and C/EBP. The present studies used NF-κB p50 knockout mice to assess the role of this transcription factor protein in ozone-induced inflammatory mediator production and toxicity. Treatment of wild type (WT) mice with ozone (0.8 ppm, 3 h) resulted in a rapid increase in NF-κB binding activity in alveolar macrophages which peaked after 6-12 h. This response was attenuated in NF-κB p50-/-mice. In WT mice, but not NF-κB p50-/-mice, C/EBP was also markedly increased in macrophages following ozone inhalation. Ozone also induced changes in the mobility of C/EBP in gel shift assays suggesting changes in the transcription factor complex which may be important in controlling inflammatory gene expression. Whereas macrophages from WT mice produced increased quantities of nitric oxide and TNF-α following ozone inhalation, this was not observed in cells from NF-κB p50-/-mice. Ozone-induced decreases in expression of the antiinflammatory cytokine, interleukin-10 were also prevented in NF-κB p50-/-mice. In WT mice, ozone inhalation caused an increase in bronchoalveolar lavage protein, a marker of tissue damage. This was not evident in NF-κB p50-/-mice. There was also no evidence of peroxynitrite mediated lung injury in these mice. These findings demonstrate that NF-κB and possibly C/EBP signaling are important in ozone-induced production of reactive nitrogen intermediates and TNF-α and in tissue injury. 
Introduction
Macrophage-derived inflammatory mediators such as nitric oxide, generated via inducible nitric oxide synthase (NOSII), and tumor necrosis factor-alpha (TNF-α) play an important role in nonspecific host defense. However, under pathophysiological states, excessive production of these mediators can lead to tissue injury (1) . The promoter regions of the genes for NOSII and TNF-α contain consensus sequences for a number of different transcription factors which regulate their activity (2, 3) . Of particular interest is nuclear factor kappa B (NF-κB), a ubiquitous transcription factor activated by proinflammatory stimuli such as bacterial-derived lipopolysaccharide (LPS), TNF-α, interleukin-1 (IL-1), and heat shock protein-60 (4) . In resting cells, NF-κB is complexed to inhibitory protein kappa B (IκB), which retains it in the cytoplasm in an inactive form. Stimulation of cells with proinflammatory mediators leads to IκB phosphorylation and subsequent proteosome-mediated degradation. This process releases NF-κB which translocates to the nucleus and binds to regulatory elements on responsive genes (4) .
Acute inhalation of the pulmonary irritant ozone results in activation of macrophages to release increased quantities of TNF-α and nitric oxide, as well as peroxynitrite (5) (6) (7) . Ozone inhalation is also associated with increased expression of cyclooxygenase-2 (COX-2) and production of prostaglandin E2 (7) . Each of these mediators has been implicated in ozoneinduced toxicity (1) . The present studies were focused on analyzing potential biochemical mechanisms regulating production of inflammatory mediators in the lung following ozone inhalation. The results of our studies demonstrate that the p50 subunit of NF-κB plays a critical role in excessive production of TNF-α and nitric oxide and in lung injury in this model. was from Upstate Biotechnology (Lake Placid, NY) and rabbit polyclonal antibodies against NF-κB p50 and p65 from Stressgen (Victoria BC, Canada).
Cell Isolation and Preparation of Extracts
Alveolar macrophages were isolated from the lung as previously described (7) . Briefly, mice were anesthetized and the lung excised and the trachea and major bronchi removed. The lung was then cut into uniform 500 µm slices (MacIlwain Tissue Chopper, Brinkmann Instruments, Westbury, NY) and incubated in ice cold Ca containing 0.005% DNAse I (HBSS-DNAse) for 30 min. This was followed by mixing, using a Vortex Genie 2 (Fisher Scientific, Pittsburgh, PA) at speed 3. The cells released during these steps were filtered through a 220 µm filter, washed and subjected to Metrizamide gradient centrifugation using a Beckman TJ-6 centrifuge for elimination of red blood cells, dead cells and debris. Cell viability was greater than 98% as assessed by trypan blue dye exclusion. Purity was greater than 97% macrophages based on differential staining with Giemsa (Fisher Scientific, Springfield, NJ). To prepare extracts, cells were lysed in buffer (10 mM HEPES, pH 7.4, 10 mM KCl, 2 mM MgCl 2, 2 mM EDTA) on ice for 10 min with intermittent mixing for 2 sec using a Vortex Genie at a setting of 3. NP-40 was added (final concentration 0.1%) and the cells incubated for an additional 5 min on ice. Cells were then centrifuged at 4 o C (16,000 x g) using an Eppendorf microcentrifuge for 5 min and supernatants containing cytoplasmic extracts collected and aliquots stored at -70 o C. The pellet was resuspended in buffer (50 mM HEPES pH 7.4, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA and 10% glycerol). After 20 min on ice, the sample was centrifuged at 4 o C (16,000 x g) for 5 min, supernatants containing nuclear extracts collected, and aliquots stored at -70 o C. Protein determinations were performed using a BCA 6 protein assay kit (Pierce, Rockford, IL) with bovine serum albumin (BSA) as the standard.
Unless otherwise specified, a Perkin-Elmer Lambda 3 UV/VIS absorbance spectrophotometer was used for protein determinations and all subsequent assays.
Quantitation of Bronchoalveolar Lavage Protein
Animals were sacrificed and the trachea cannulated with polyethylene tubing (PE-90; Clay 
Measurement of Nitric Oxide Production
Cells were cultured in 96-well dishes (2 x 10 5 cells/well) in phenol red-free Dulbecco's modified Eagle's medium in the presence or absence of LPS (100 ng/ml) and IFN-γ (100 U/ml) or medium control. Nitric oxide was quantified after 48 h by the accumulation of nitrite in the culture medium using the Griess reaction with sodium nitrite as the standard as previously described (7).
For nitrate determinations, samples were treated with nitrate reductase and NADPH for 30 min prior to analysis. We found that the ratio of nitrate to nitrite produced by alveolar macrophages was 1:1 and that this ratio did not change in cells from ozone treated mice.
Western Blot Analysis
Cytoplasmic extracts were run on 7.5% SDS-polyacrylamide gels (5 µg protein/lane) as described previously (7, 9) . Proteins were then transferred to nitrocellulose and blocked overnight at 4 o C with 5% powdered milk (7,9). The nitrocellulose membrane was then incubated with a 1:200 dilution of anti-NOSII, anti-p50 or anti-COX-2 antibody for 3 h at room temperature followed by HRP-conjugated anti-rabbit or anti-goat IgG (1:5000) for 1 h. The blots were developed using an Enhanced Chemiluminescence detection kit (Amersham Life Science, Arlington Heights, IL). Blots were stained with Ponceau S (Sigma) to confirm equal loading of proteins on the gels.
Electrophoretic Mobility Shift Assay
Electrophorestic mobility shift assays were performed as previously described by our laboratory (9) . Binding reactions were carried out at room temperature for 30 min in a total volume of 15 µl and contained 2-5 µg of nuclear extract protein, 5 ml of the 5X gel shift binding buffer (20% Protein-DNA complexes were separated on 5% non-denaturing polyacrylamide gels run at 250 V at 400 mAmps for 1.5 h in 0.5X TBE running buffer and visualized after the gels were dried and autoradiographed. For supershift reactions, the samples were incubated with antibodies (1 µg) to NF-κB p50 or p65 on ice for 20 min prior to the labeled oligonucleotide. For competitor 8 reactions, samples were preincubated with a 100-fold excess of the respective unlabeled oligonucleotides.
Immunostaining
Tissue sections (6 µm) were prepared for immunohistochemistry from paraffin-embedded perfused lungs that were inflation-fixed with 3% paraformaldehyde for 4 h at 4 o C (5, 6).
Sections were deparaffinized prior to analysis. For immunostaining, slides were preincubated for 30 min in 3% hydrogen peroxide to quench endogenous peroxidase. This was followed by This treatment was found to block nitrotyrosine staining, demonstrating that the antibody was specific.
Statistics
All experiments were repeated 3-5 times using 3-6 animals per experiment. Data were analyzed using a nonpaired, two-tailed student's t test. A P value of < 0.05 was considered statistically significant.
Results

Effects of Ozone Inhalation on NF-κB Nuclear Binding Activity
In initial studies we analyzed the effects of ozone inhalation on NF-κB nuclear binding activity in alveolar macrophages. NF-κB binding activity was not detectable in cells from air exposed animals ( Figure 1 , upper panel). Treatment of the mice with ozone resulted in a time related increase in NF-κB binding activity, which was observed immediately after exposure and peaked after 6-12 h. This was followed by a decrease at 24 h and then a secondary increase at 48 h. NF-κB nuclear binding activity was blocked by incubating the samples with 100-fold excess of unlabeled probe, demonstrating the specificity of the probe. Moreover, supershift assays using antibodies to p50 or p65 slowed the migration of the complex in the gel indicating that both of these proteins were involved in the response. Increased NF-κB p50 protein expression was also observed in alveolar macrophages following ozone inhalation ( Figure 1 , lower panel). This was greater in nuclear when compared to cytoplasmic extracts. To analyze the role of NF-κB p50 in ozone-induced tissue injury and in inflammatory mediator production, we used transgenic mice with a targeted disruption of the gene for this protein. As expected, NF-κB p50 protein was not detectable in alveolar macrophages from NF-κB p50-/-mice, even after ozone inhalation ( Figure   1 ). Moreover only very low levels of NF-κB binding activity were evident in nuclear extracts of macrophages from p50-/-mice exposed to ozone (Figure 1 ).
Effects of Loss of NF-κB p50 on Ozone-induced Alterations in Inflammatory Mediator
Production
We have previously demonstrated that alveolar macrophages are activated following ozone inhalation to release excessive quantities of inflammatory mediators (5) (6) (7) . In further studies we analyzed the effects of loss of NF-κB p50 on this response. Initially we quantified production of reactive nitrogen intermediates. Alveolar macrophages generate nitric oxide from L-arginine via the enzyme NOSII (10) . Treatment of wild type mice with ozone resulted in increased NOSII expression in the lung which was most prominent in alveolar macrophages ( Figure 2, upper panel) . After ozone inhalation, NOSII was also evident in Type II cells. These findings are in accord with previous reports from our laboratory (11) . Expression of NOSII was not observed in lungs of NF-κB p50-/-mice treated with ozone. NOSII was also not detectable in the lungs of mice exposed to air control. To determine if ozone-induced alterations in NOSII expression were correlated with changes in the activity of this enzyme, we quantified nitric oxide production by alveolar macrophages. Cells from wild type mice readily generated nitric oxide after stimulation with LPS and IFN-γ ( Figure 2 , lower panel). This response increased following ozone inhalation. In contrast, alveolar macrophages from NF-κB p50-/-mice produced only low levels of nitric oxide and this was unaltered by ozone. Nitric oxide reacts rapidly with superoxide anion generating peroxynitrite, a potent oxidant known to nitrosylate tyrosine residues in cells and tissues (12) . Consistent with our previous studies (7), we found significant nitrotyrosine staining of the lung of wild type mice following ozone inhalation ( Figure 3 ). This was most prominent in alveolar macrophages. Nitrotyrosine staining was not detectable in lung sections from NF-κB p50-/-mice. Nitrotyrosine staining was also not detectable in lung sections from air exposed wild type or NF-κB p50-/-mice, or in sections stained with IgG.
We also analyzed the effects of loss of NF-κB p50 on ozone-induced expression of COX-2, which mediates the production of eicosanoids (13) . Constitutive COX-2 protein was evident in alveolar macrophages from both wild type and NF-κB p50-/-mice ( Figure 4 ). This was observed in histological sections and isolated cells. Interestingly, alveolar macrophages from NF-κB p50-/-mice expressed 3-4 fold greater quantities of COX-2 than cells from wild type mice. Whereas expression of COX-2 increased approximately 2-fold in cells from wild type mice after ozone inhalation, no significant changes were observed in cells from NF-κB p50-/-mice.
We next evaluated expression of the macrophage-derived proinflammatory cytokine TNF-α. Significant TNF-α staining was observed in the lungs of wild type mice following ozone inhalation ( Figure 5, upper panel) . In contrast, there was no evidence of TNF-α expression in lung sections from air treated wild type or NF-κB p50-/-animals. Moreover, ozone inhalation had no effect on TNF-α expression in NF-κB p50-/-mice IL-10 is an anti-inflammatory cytokine which downregulates macrophages (14) . In further studies we analyzed the effects of ozone on IL-10 expression in the lungs of wild type and NF-κB p50-/-mice. Relatively high levels of IL-10 were detectable in lung sections from air exposed mice, most prominently in alveolar macrophages ( Figure 5 , lower panel). Whereas ozone treatment resulted in decreased IL-10 expression in the lungs of the wild type mice, this was not observed in NF-κB p50-/-mice.
Effects of Ozone on C/EBP Nuclear Binding Activity
In further studies we investigated the effects of ozone on nuclear binding of C/EBP, another family of transcription factors known to regulate the activity of inflammatory genes including NOSII and COX-2 (15). Low levels of C/EBP nuclear binding activity were detectable in alveolar macrophages from air exposed mice ( Figure 6 ). Treatment of the mice with ozone resulted in a time-related increase in C/EBP binding activity which peaked 6 h post exposure. Subsequently, C/EBP activity returned to control levels. We also observed faster migration of the complex in the gels which was most prominent in samples obtained from mice 3-6 h post ozone exposure. C/EBP nuclear binding activity was blocked by incubating the samples with a 100-fold excess of unlabeled probe demonstrating the specificity of the probe.
Moreover, preincubation of nuclear extracts with anti-C/EBP antibody markedly reduced the migration of the complex in the gel. C/EBP binding activity was not evident in macrophages from NF-κB p50-/-mice, even after ozone inhalation.
Effects of Loss of NF-κB p50 on Ozone-induced Epithelial Injury
Bronchoalveolar lavage protein content is a marker of alveolar epithelial injury (16) . As reported previously (7), ozone inhalation resulted in a two-fold increase in protein levels in bronchoalveolar lavage ( Figure 7 ). In contrast, bronchoalveolar lavage fluid protein levels were at control levels in NF-κB p50-/-mice following ozone exposure.
Discussion
In previous studies using both rat and mouse models we showed increased production of nitric oxide, TNF-α and eicosanoids by alveolar macrophages after ozone inhalation (5-7, 9).
Moreover, inhibiting macrophages or the activity of these mediators prevented ozone-induced tissue damage demonstrating their importance in toxicity (7, 9, 17, 18) . The present studies focused on analyzing biochemical mechanisms regulating production of these mediators in the lung during ozone-induced toxicity. Our findings that alveolar macrophages from NF-κB p50-/-mice did not generate increased quantities of TNF-α or reactive nitrogen intermediates after ozone inhalation, and that these mice were protected from tissue damage demonstrate the importance of NF-κB signaling in this model of lung injury. A similar attenuation of inflammation and lung injury has been described in a model of allergen-induced asthma as well as inflammatory arthritis in NF-κB p50-/-mice (19, 20) . It should be noted that the p50-/-mice are hybrids between B16/129 and B16/C57 mouse strains. However, this is unlikely to account for the results observed.
NF-κB consists of a family of conserved proteins including RelB, p50, c-Rel and RelA (p65). Heterodimers consisting of p65/p50 are thought to be key signaling molecules leading to the production of inflammatory proteins such as TNF-α, IL-1, NOSII and COX-2 (4). We found that acute exposure of mice to ozone resulted in a biphasic induction of NF-κB nuclear binding activity in alveolar macrophages which peaked after 6-12 h and at 48 h. These findings are in accord with previous reports on NF-κB induction in the lung after ozone inhalation (21) (22) (23) (24) . We also noted that NF-κB p50 protein expression increased after ozone inhalation. The observation that this was more pronounced in nuclear when compared to cytoplasmic extracts is consistent with NF-κB activation. The biphasic increase in NF-κB binding activity most likely reflects the distinct responses of resident and inflammatory macrophages to ozone. Similar increases in NF-κB binding activity have been described in the lung following exposure of animals to LPS or to silica, pulmonary irritants whose toxicity is also associated with excessive production of inflammatory mediators by alveolar macrophages (25, 26) . We also found that tissue injury, as measured by bronchoalveolar lavage protein and nitrotyrosine staining of the lung was prevented in NF-κB p50-/-mice. These findings demonstrate that NF-κB plays a critical role in the pathogenesis of ozone-induced toxicity. NF-κB has also been implicated in lung injury induced by intrapulmonary deposition of immune complexes and carrageenan (27, 28) . Inflammatory mediators are involved in tissue damage in both of these models. These results suggest that targeting NF-κB may be an effective approach to limiting inflammation and tissue injury.
Consistent with our previous studies (5,7), we found that alveolar macrophages were primed by ozone inhalation to produce increased quantities of nitric oxide in response to inflammatory mediators. The fact that alveolar macrophages from NF-κB p50-/-mice did not generate nitric oxide, even after ozone inhalation, demonstrates an essential role of NF-κB in this activity. Our results are in accord with previous reports on cultured macrophages which showed that inhibition of NF-κB abrogated nitric oxide production (29) . NOSII is also known to be regulated by the transcription factor C/EBP. NF-κB and C/EBP have been reported to act cooperatively to induce nitric oxide production during acute and chronic inflammatory reactions (30) . Ozone inhalation, resulted in increased C/EBP nuclear binding activity in alveolar macrophages from wild type animals which is similar to findings in models of lung injury induced bleomycin or LPS (31, 32) . Interestingly, C/EBP migration in gel shift assays was more rapid in cells from ozone treated mice. This suggests that ozone also causes modifications and/or changes in the composition of the proteins in C/EBP complex. These alterations in C/EBP may be important in regulating NOSII expression as well as other genes involved in the inflammatory response. The time course of the increases in C/EBP activity following ozone inhalation correlated with changes in NF-κB nuclear binding activity. Ozone inhalation had no effect on C/EBP nuclear binding activity in alveolar macrophages from NF-κB p50-/-mice. These data indicate that increases in C/EBP binding activity are also dependent on NF-κB p50 and suggest that both transcription factors may be important in regulating NOSII during ozone-induced toxicity.
The expression of COX-2 is known to be regulated by NF-κB (4). However, our studies showed that constitutive COX-2 expression was significantly greater in NF-κB p50-/-mice when compared to wild type mice. This suggests that NF-κB p50 or one of its downstream target genes may function as a negative regulator of COX-2 in this model. Alternatively, there may be compensatory increases in other signaling pathways regulating constitutive expression of COX-2 in NF-κB p50-/-mice. Following ozone inhalation, COX-2 expression increased in alveolar macrophages from wild type. In contrast, no further increases were observed in cells from NF-κB p50-/-mice. It may be that these cells are already expressing maximal levels of COX-2.
As observed in the rat model (6, 18) , acute exposure of wild type mice to inhaled ozone resulted in increased TNF-α expression in the lung with prominent staining in alveolar macrophages. This was not evident in NF-κB p50-/-mice. These findings provide support for the idea that the NF-κB p50 subunit is essential for TNF-α expression and that this proinflammatory cytokine is important in ozone toxicity. Our findings are in accord with reports that TNF-α expression is reduced in NF-κB p50-/-mice following exposure to ionizing radiation (33) .
IL-10 has been identified as an important negative-regulator of macrophages inhibiting their ability to produce pro-inflammatory cytokines, including IL-1, TNF-α, and reactive oxygen and nitrogen intermediates (15) . In accord with previous studies we found that ozone inhalation resulted in decreased IL-10 expression in the lungs of wild type mice (34) . IL-10 is known to suppress IκB kinase and inhibit NF-κB DNA binding activity, thus limiting the generation of potentially toxic inflammatory mediators (35) . Increased generation of inflammatory mediators in the lung after ozone exposure may be due to activation of NF-κB in the presence of reduced levels of IL-10. In contrast to its effects in wild type mice, ozone inhalation had no effect on IL-10 expression in NF-κB p50-/-mice. This most likely reflects decreased generation of inflammatory mediators that suppress IL-10 expression.
The present studies provide support for our model that macrophages and inflammatory mediators contribute to ozone toxicity (1) . According to this model, ozone induced epithelial damage leads to the rapid release of TNF-α by alveolar macrophages. TNF-α acts on resident and inflammatory macrophages and Type II cells to activate signaling pathways leading to expression of NOSII and excessive production of reactive nitrogen intermediates. We speculate that macrophage and Type II cell hyperresponsiveness is due to increased expression or persistent activation of transcription factors such as NF-κB and C/EBP which bind to the NOSII promoter and cooperatively interact to induce NOSII activity. This model is consistent with findings that persistent activation of NF-κB leads to the production of excessive quantities of proinflammatory mediators resulting in tissue damage and organ failure (4, 36) . Additional studies are required to determine the precise mechanisms by which NF-κB controls expression of TNF-α and NOSII in the different lung cell types and their role in ozone-induced lung injury. 
